Object. Low-frequency components of the spontaneous functional MR imaging signal provide information about the intrinsic functional and anatomical organization of the brain. The ability to use such methods in individual patients may provide a powerful tool for presurgical planning. The authors explore the feasibility of presurgical motor function mapping in which a task-free paradigm is used.
N eurosurgical removal of a brain lesion requires minimizing postoperative functional deficits while maximizing the size of the resection itself. Information about the anatomical relationship between eloquent cortex and the lesion's borders is therefore extremely valuable in planning the operation. The traditional approach is to inspect the pathological tissue in relation to anatomical landmarks. For example, the knob-like structure in the precentral gyrus is generally a good predictor of the location of the hand representation within the primary motor area. 5, 49 However, normal variation and distortions due to the brain lesion make it difficult to localize functional areas precisely based on anatomical landmarks alone. 4, 26, 35, 41 In response to these challenges, functional mapping in individual patients has become an important procedure for surgical planning and risk assessment. Invasive cortical mapping is often considered the gold standard for functional mapping. 12, 21, 27, 37, 48 Direct cortical stimulation is managed perioperatively in the awake patient or in the presurgical patient with implanted subdural grids. Under these conditions, stimulation-induced disruption provides information about the location of eloquent cortex. With subdural grids, it is also possible to conduct evoked potential studies. 2, 20, 39, 46 The limitation of invasive functional mapping is that it usually occurs a short time before the planned resection, leaving little time to analyze the results and discuss options. Another drawback of Task-free presurgical mapping using functional magnetic resonance imaging intrinsic activity Laboratory investigation invasive cortical mapping is the lack of information about deep brain structures, because the subdural grids only record the electrical potential on the brain surface.
Recently, fMR imaging has been offered as a noninvasive means of presurgical functional mapping. 13, 23, 24, 33, 38, 40 The basic approach is to conduct an imaging session while a patient performs a task set designed to target a single domain such as language, memory, or motor function. The images thus obtained are then used prior to the surgery to identify regions of functional activity. This approach is powerful because it allows detailed assessment of functional anatomy in a timely manner, and it includes deep brain structures. However, there are significant limitations. First, some patients have difficulty performing the required tasks, especially those who have developmental brain disorders, altered levels of consciousness, or other functional impairments. 22, 33 If a patient is not able to perform the prescribed task, the presently available functional mapping approaches may be unreliable or prove impossible. 33 Second, specific task sets must be performed to target distinct functions (for example, language vs motor function). Although optimization is possible to allow efficient cycling through multiple functional domains, it is presently not possible to map multiple brain functions simultaneously. Even within the motor system, task epochs must alternate between separate motor acts (for example, hand vs tongue movements) to map their distinct anatomical locations.
Functional mapping based on spontaneous intrinsic activity offers an alternative approach to presurgical mapping. 8 The procedure relies on the observation that brain systems exhibit slow, spontaneous activity fluctuations that can be measured using fMR imaging. 16 Biswal and colleagues 3 were the first to demonstrate that intrinsic activity could be used to map the motor system. In their seminal study, they showed that motor areas activated by actual motor movements could also be localized using spontaneous activity correlations. To do this, they measured the signal fluctuations in a left motor region while a participant simply rested with his or her eyes closed. Activity throughout the brain that spontaneously correlated with the left motor region was then localized. Their results revealed that the right motor cortex showed strong correlation as well as multiple other regions within the motor system. This approach-often referred to as fcMR imaging-has recently been used to map brain systems linked to motor function, 9 vision, 34 audition, 25 memory, 44 and attention. 15 Although the underlying physiological bases of the slow intrinsic activity fluctuations that underlie fcMR imaging remain incompletely understood, 16 the measured activity patterns probably reflect a combination of direct and indirect anatomical connectivity. 43 Several properties of fcMR imaging make it a particularly promising tool for presurgical planning. First, the procedure is robust in individuals. 10, 44 In typical situations, activation maps can be obtained in approximately 20-minute scan sessions in almost all individuals. Second, task compliance is not required. Most fcMR imaging studies have been conducted during rest and fixation states. However, even that level of task compliance appears unnecessary. These fcMR imaging maps have been obtained during sleep 19 and after induction of anesthesia, 43 suggesting that patient compliance will not be required and that fcMR imaging can be performed in a "task-free" manner. As direct evidence of the feasibility of task-free mapping, fcMR imaging has been used to study brain systems in human infants. 17 Finally, multiple brain systems can be simultaneously mapped from the same data. Thus, while still an early-stage concept, it seems possible that a single, simple procedure could be used for many functional mapping needs.
For all of these reasons we undertook a feasibility study to explore whether fcMR imaging is appropriate for functional mapping in presurgical patients. Most of the findings discussed above are based on the normal population. In clinical patients with tumors and epilepsy, not only the cortical anatomy but also the location of functional networks is distorted due to various pathological changes. 24, 29, 30, 47 It is thus of great interest to investigate whether fcMR imaging is applicable in clinical functional mapping, and furthermore to determine specifically if fcMR mapping is comparable to traditional task-based fMR imaging in patients being studied. If successful, fcMR imaging could provide a novel method for presurgical evaluation of eloquent cortex and free the patients from task compliance.
Motivated by this goal, we used fcMR imaging to study 6 surgical candidates with tumors or epileptic foci near the motor cortex. The fcMR imaging, in which the patients simply fixated their gaze on a small crosshair with no other task instruction, was conducted first. Approximately 3-5 minutes later, a traditional task-based fMR imaging study was obtained, in which the patients performed hand and tongue movements. This allowed us to compare task-elicited activation of the motor system directly to activation obtained from intrinsic activity correlations. In 1 patient, cortical stimulation was also conducted to define the hand motor area and tongue motor area for comparison with the fcMR imaging results.
Methods

Study Participants
Six epileptic patients with tumors or epileptic foci near the motor cortex participated in this study before surgery. Informed consent was obtained in accordance with the guidelines, and approval of the institutional review board at Massachusetts General Hospital and Children's Hospital Boston was received. The individuals studied were typical of the patients for whom presurgical planning is conducted. The sex, age, and cause of epilepsy for each patient are listed in Table 1 .
Data Acquisition With MR Imaging
Images were acquired on a 3-T Tim Trio MR imaging unit with the vendor's 12-channel head coil (Siemens). Pillows and padded clamps were used for head stabilization. Stimuli were displayed on a Macintosh laptop computer (Apple Computer, Inc.) using the Psychophysics Toolbox extensions 6, 36 in MATLAB (The MathWorks, Inc.). A liquid crystal display projected stimuli onto a screen at the head of the magnet bore, which was viewable via a mirror attached to the head coil. Structural images were acquired using a sagittal magnetization-prepared rapid gradient echo T1-weighted sequence (TR 2 seconds, TE 2.37 msec, flip angle 90°, slice number 160, 1-mm isotropic voxels).
The functional study consisted of blocked trial runs of actual motor movements (either hand or tongue) and rest runs during which no task was performed. All 6 participants performed 3 runs of the hand movement task. Four participants (the patients in Cases 2, 4, 5, and 6) also performed 3 runs of the tongue movement task. Images were acquired using an echo planar imaging gradient echo sequence sensitive to blood oxygen level-dependent contrast (TR 2 seconds, TE 30 msec, flip angle 90°, slice number 33, 3-mm isotropic voxels). Each task run consisted of three 36-second blocks of the movement task and four 28-second blocks of fixation. Eight seconds of dummy scans were acquired in the beginning of the run to allow for longitudinal magnetization stabilization. An addition 8 seconds of fixation was acquired at the end of the run to capture the full evolution of the hemodynamic response.
During the movement task blocks, a picture of a hand or tongue was displayed centrally on the screen for 2 seconds, and the participants were instructed to make a hand or tongue movement as soon as they saw the picture. Blocks contained movements of only 1 type. The interstimulus interval was 1 second. For the hand movement task, the participants were instructed to move only the hand contralateral to the tumor or epileptic foci. For the tongue movement task, the participants were instructed to move the tongue to touch the teeth on one side and then move it to the other side, while minimizing jaw and mouth movements.
All participants performed 4 passive fixation runs. Each run was 380 seconds long, and a black crosshair was centered on a white screen during the entire run. The participants simply fixated on the crosshair for the duration of each run. They were instructed to stay awake and to minimize head movement.
We acquired the images using 2 sets of parameters. Exploiting the high sensitivity of fcMR imaging, the patients in Cases 1-4 underwent scanning using highresolution and long-TR-gradient echo planar imaging sequences (TR 5 seconds, TE 30 msec, flip angle 90°, slice number 55, 2-mm isotropic voxels). The patients in Cases 5 and 6 underwent scanning with lower-resolution and short TR sequences to match exactly the parameters used for the task scan (TR 2 seconds, TE 30 msec, flip angle 90°, slice number 33, 3-mm isotropic voxels).
Analysis of MR Imaging Data
Both the task and the resting-state data were preprocessed using the following steps: 1) slice timing correction (Statistical Parametric Mapping version 2, Wellcome Department of Cognitive Neurology); 2) rigid body correction for head motion; 28 3) normalization for global mean signal intensity across runs; and 4) transformation of the data into a standard atlas space. The second step provided a record of head position that was later used as a nuisance regressor for functional connectivity analysis (see below). Atlas registration was achieved by computing affine transforms connecting the first image volume of the first functional run with the T1-weighted structural images (RIB Software). Our atlas representative template included data from 12 normal young adults made to conform to the Montreal Neurological Institute template by using previously described methods. 7 Motion correction and atlas transformation were combined in 1 step to yield a motion-corrected volumetric time series resampled to 2-mm isotropic voxels.
Task data were analyzed using the general linear model 18 as implemented in Statistical Parametric Mapping program, version 2. Regressors of no interest included motion correction parameters and low frequency drift. The task blocks use gamma function convolved with a boxcar function to model the hemodynamic response function. 32 The resting-state data were analyzed using regionbased fcMR imaging analysis as applied by Fox et al. 15 and described in detail by Vincent et al. 44 The steps are briefly described here. First, a 6-mm full-width half-maximum Gaussian spatial smoothing program was applied to the data. For each voxel, the blood oxygen level-dependent signal was then filtered by a 0.01-to 0.08-Hz Butterworth bandpass filter. The data were further processed to regress out several sources of spurious or regionally nonspecific variance, including the 6 motion parameters obtained from motion correction, the signal averaged over the whole brain, the signal averaged over the lateral ventricles, and the signal averaged over a region centered in the deep cerebral white matter.
To map the motor areas of the unhealthy hemisphere affected by tumor or epileptic foci, we defined seed regions in the healthy hemisphere based exclusively on the anatomical data and analyzed the functional connectivity between both hemispheres. In this manner, the motor areas as determined by fcMR imaging were identified completely independent of the task data and could therefore be compared in an unbiased manner to assess their spatial similarity. The mean time course in the seed region was extracted, and then its correlation with every other voxel was calculated. The correlation map was converted to a z-map by using the Fisher z transform. Finally, the z-map was registered back to the individual structural MR image for visualization. 
Seed Region Selection
Seed regions localized to the approximate hand and tongue motor areas were selected on the healthy hemisphere based on anatomical characteristics. The hand motor area was identified as the knob-like structure in the precentral gyrus, 49 just posterior to the junction of the superior frontal sulcus with the precentral sulcus. The high-resolution structural MR images were visually inspected. Once the typical knob-like structure was identified, a spherical seed region with a radius of 8 mm was positioned to cover the largest portion of the knob-like structure and transformed into the standard brain atlas for fcMR imaging analysis. The tongue motor areas are located anterior to the central sulcus and just superior to the sylvian fissure. Using subdural electrodes, Urasaki et al. 42 found that the mean location of tongue motor area was 0.77 ± 0.93 cm anterior to the central sulcus and 1.6 ± 0.85 cm superior to the sylvian fissure. Based on the findings of Urasaki et al., a spherical seed region of 8 mm was positioned 1 cm anterior to the central sulcus and 2 cm superior to the sylvian fissure to estimate the presumed tongue motor cortex in the healthy hemisphere.
Cortical Stimulation
Motor function mapping in which direct cortical stimulation was used was performed in the patient in Case 2, in whom subdural electrode grids were subsequently implanted to localize the epileptic foci. The grids consisted of electrodes 3 mm in diameter with center-tocenter distances of 10 mm. The placement of the grids is illustrated in the intraoperative photograph (see Fig. 4 upper, discussed in more detail later). Postimplantation CT images were coregistered to the preoperative structural MR images by using FreeSurfer 38 to determine the location of the electrodes. Bipolar stimulation was applied on the electrodes on the motor and somatosensory cortex by using stimulus trains of 3-second pulses at 60 Hz. The current was increased from 1 to 15 mA, with a step of 2 mA. The stimulation on a pair of electrodes was stopped if the patient had a sensation or movement response.
Results
Functional Mapping Based on fcMR Imaging is Highly Similar to Task-Based Localization
The hand motor regions localized based on the spontaneous activity correlations (Fig. 1, center column) were quite similar to the regions defined by actual movement tasks (Fig. 1, left column) . Note that the visual cortex was also activated in the task runs because the patients performed the movements following a visual cue. Overlapping areas derived from these two functional mapping techniques are also shown (Fig. 1, right column) . Note the overlap of the estimate of the motor area's location in relation to the lesion location. These results indicated that the fcMR imaging is able to localize the motor area precisely.
Functional Mapping Based on fcMR Imaging Shows Selectivity for Hand and Tongue Regions
Although hand and tongue regions are separated by only a few centimeters on the motor "homunculus," 1 they can be clearly distinguished using this task-free mapping technique. The tongue regions localized by fcMR imaging (Fig. 2, center column) are highly similar to the regions defined by actual movements (Fig. 2, left column) .
We also found that the correlation between left and right hand regions was weaker in the patient in Case 2 than in the other patients. The hand motor region defined by fcMR imaging showed some discontinuity, although the location was correct. This variation could be due to methodological noise, although it is interesting to note that, based on subdural electrode recordings, the epileptic focus in this patient was localized in or near the hand motor region in the right hemisphere. The finding of weakened correlation between left and right hand regions indicates that functional connectivity between the hemispheres may be disrupted due to the epileptic discharges. We consider this a preliminary observation, but nonetheless draw attention to it because of its implications both for fcMR imaging mapping and for the potential use of this technique to detect diseased tissue.
Functional Mapping Based on fcMR Imaging is Robust Across Different Image Resolutions
One technical question of fcMR imaging is how robust the mapping is when acquisition resolutions change. In the first 4 patients, we used 2-mm isotropic voxels as we tried to push the limits of achievable resolution with fcMR images. In the next 2 patients, we acquired the images by using a larger voxel size and sequence parameters matched to the task scan. The hand and tongue regions were defined for the patients in Cases 5 and 6 (Fig. 3 ). The maps demonstrate that fcMR imaging and task mapping produce similar results when the image resolution is held constant. Moreover, our observations suggest that fcMR imaging is robust across acquisition resolution, and thus is likely to provide a powerful method across a range of parameter selections.
Functional Mapping Based on fcMR Imaging is Correlated With Direct Cortical Stimulation
The patient in Case 2 was further studied using direct cortical stimulation during her surgery. Stimulation of electrodes 14 and 22 (marked by blue circles in Fig.  4 upper) caused left hand movement, indicating that the hand motor area lay beneath these electrodes. Note that based on analysis of clinical seizures, the epileptic foci were also localized to the area covered by these 2 electrodes. Electrodes 40, 47, and 48 caused tongue movement, indicating that the tongue motor area lay beneath these electrodes. To determine correspondence, the CT and fcMR images were both overlaid onto the structural MR images (Fig. 4 lower left) . The electrodes responsible for hand and tongue movements are marked in green. Our results indicated that the fcMR imaging functional mapping is consistent with the findings from cortical stimulation (Fig. 4 lower right) .
Discussion
In the present study, we investigated the feasibility of using fcMR imaging for presurgical mapping. Many studies have explored the topography of brain systems by measuring intrinsic brain activity in healthy participants 3, 9, 11, 15, 25, 31, 34, 44 (for a recent review, see Fox and Raichle 16 ). Here we demonstrated that, in patients with tumors and focal epilepsy, fcMR imaging was capable of mapping motor cortex by using seed regions selected based on the anatomical features in the healthy hemisphere. Of the 6 patients, 5 had clear anatomical distortion near the motor cortex. The fcMR imaging was nonetheless able to provide functional mapping of the motor cortex and yield results consistent with those derived from traditional taskbased localization. Four of the 6 patients received surgical treatments after the presurgical mapping. None of these patients experienced a new neurological deficit after the surgery. These findings provide a proof of the concept that task-free methods of presurgical mapping can use intrinsic activity and complement task-based approaches. Task-free methods may be particularly useful for patients who are not able to perform prescribed tasks in the scanner due to young age, altered level of consciousness, or other functional disorders.
The fMR imaging method has been an important tool for presurgical mapping, but it typically requires the participation of the patient in a task and is limited by the number of paradigms that can be run in a single scanning session. This limitation can be overcome by the task-free fcMR imaging paradigm used here. In principle, multiple functional systems can be determined based on a single scanning session. To date, a variety of brain systems have been explored using fcMR imaging, including motor, 3, 9 visual, 34 auditory, 25 memory, 44 and attention 15 systems. Of direct relevance, all of these explorations used procedures that are similar to those applied here to study presurgical patients. Therefore, fcMR imaging provides a unique opportunity to evaluate multiple brain functions simultaneously.
A critical problem in presurgical mapping is to determine the dominant hemisphere for language and memory. Lateralization is often accomplished through anesthetization of one brain hemisphere by using the invasive Wada 45 test, which has risks and discomfort. The need to replace the Wada test with less invasive and more reliable techniques has long been recognized. 1 Cordes et al. 9 used fcMR imaging to study the language system and produced a map similar to that obtained using a wordgeneration task. Vincent et al. 44 recently used fcMR imaging to identify a hippocampal-cortical memory system that was similar to that activated by tasks involving remembering. These studies suggest that intrinsic activity may be amenable to functional mapping well beyond the motor system. In particular, functional mapping based on fcMR studies may eventually lead to new language and memory lateralization techniques.
An unexpected implication of the present results is that fcMR imaging may reflect the deficit caused by pathological changes that are not discernible using traditional fMR studies. In the patient in Case 2, epileptic foci were localized to the hand motor area in the right hemisphere. The symptoms of the seizure included left hand "floppiness" and loss of control of the left hand. In traditional task-based fMR imaging, there is no indication of the deficit in the hand motor area. However, in the fcMR map, the functional connectivity between the left and right hand motor areas was weakened and disrupted, while the connectivity between tongue areas remained intact (Fig. 2) .
Conclusions
Although only a preliminary observation, this finding suggests that fcMR imaging may be sensitive to the functional changes associated with the diseased tissue. Future studies will be required to determine both the implications of this effect on the robustness of fcMR procedures for task-free mapping and also to explore directly whether such effects can be used intentionally to identify diseased tissue.
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